Detailed FE and DE Modelling of Stone Masonry Arch Bridges for the Assessment of Load-carrying Capacity  by Costa, C. et al.
 Procedia Engineering  114 ( 2015 )  854 – 861 
1877-7058 © 2015 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license 
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
Peer-review under responsibility of INEGI - Institute of Science and Innovation in Mechanical and Industrial Engineering
doi: 10.1016/j.proeng.2015.08.039 
ScienceDirect
Available online at www.sciencedirect.com
1st International Conference on Structural Integrity 
Detailed FE and DE modelling of stone masonry arch bridges for 
the assessment of load-carrying capacity 
C. Costaa,*, A. Arêdeb, M. Moraisa, A. Aníbalc 
CONSTRUCT-LESE, Polytechnic Institute of Tomar, Quinta do Contador s/n, 2300-313 Tomar, Portugal 
CONSTRUCT-LESE, Faculty of Engineering, University of Porto, Rua Dr. Roberto Frias s/n, 4200-465 Porto, Portugal 
CONSTRUCT-LESE, University of Aveiro, Campus Universitário de Santiago, 3810-193 Aveiro, Portugal  
Abstract 
This paper reports on numerical modelling strategies for assessment of the load capacity of stone arch bridges based on realistic 
knowledge of the constituent material properties. Detailed micro-models based on FEM and DEM with suitable nonlinear 
behaviour of the bridge materials are used to evaluate the bridge structural behaviour under incremental static loading. Simplified 
modelling strategies based on rigid blocks analysis is also used for comparative purposes. Results of laboratory testing performed 
to characterize the deformability and strength parameters of the bridge materials (masonry and infill) are used to support the 
structural analysis. The study comprised four existing road bridges located in the North of Portugal. Experimental modal 
identification of the bridge cases has also been included in the study with the aim of updating and validating the bridge models. 
© 2015 The Authors. Published by Elsevier Ltd. 
Peer-review under responsibility of INEGI - Institute of Science and Innovation in Mechanical and Industrial Engineering.  
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1. Introduction 
The structural behaviour simulation of masonry bridges can be achieved by means of computational resources 
based on the Finite Element Method (FEM) and the Distinct Element Method (DEM). These modelling techniques 
allow evaluating the load capacity of stone arch bridges by incrementing the traffic loads included in the structural 
modelling and taking into account the nonlinear behaviour of bridge materials and suitable conditions for the 
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geometrical discretization. Computational methods resorting to rigid blocks and limit analysis are also frequent for 
simulating the load-carrying capacity of stone masonry arch bridges. 
The interaction between the structural elements of the bridge and its material behaviour is the main aspect to be 
represented by structural modelling. Therefore, suitable constitutive models of the bridge materials defined and 
supported by experimental results is as crucial contribution for the validation of the structural numerical models [1]. 
2. Case studies 
Located in Porto surroundings, the Lagoncinha, Zameiro and São Lázaro bridges are made of granite stone and 
their construction dates back to the medieval period [2]-[4]. Lagoncinha bridge is about 130 m long and 3.5 m wide, 
consists of six arches, three full turn and the others slightly ogival, as shown in Fig. 1, a. The Zameiro bridge has 
similar characteristics to Lagoncinha bridge. The bridge consists of eight arches, seven of them full turn and one 
slightly ogival. The piers are protected with large triangular cutwaters. The São Lázaro Bridge is about 28 m long 
with two different full turn arches, one with 7.5 m span and a smaller one with 2.3 m. The deck is about 3.3 m wide 
and the pavement is made of granite slabs (see Fig. 1, d). In 2008 the bridge was consolidated by injection of lime-
based compatible fluid mortar in the backfill as well as by injecting and repointing the masonry joints with 
appropriate mortar [5]. The Vila Fria bridge was built in 2005, near Porto, attempting to respect the processes and 
construction techniques formerly used in this type of structures [6]. The bridge consists of a 60 m long and 6m wide 
two-ramp deck, supported by five arches with 4.8 m to 6 m span, four piers (protected in the upstream side by 
cutwaters with triangular section) and two abutments. The masonry structure of the arches, pillars, spandrels and 
cutwaters consists of granite stone blocks and hydraulic mortar joints about 7 mm thick. The infill consists of a 
granular material (tout-venant). In the infill upper layer a small amount of cement was added (about 7% of the total 
weight). A detailed description of the construction sequence can be found elsewhere [7]. 
 
 
Fig. 1. (a) Lagoncinha bridge; (b) Zameiro bridge; (c) Vila Fria bridge and (d) São Lázaro bridge. 
An extensive experimental campaign on the constituent materials (stone, mortar, infill) and interfaces between the 
constituent materials (stone-to-stone dry joints, stone-to-stone mortared joints and stone-to-infill joints) has been 
performed on material samples extracted from the two old bridges, Lagoncinha and Zameiro bridges and also 
materials used in the construction of the recently built Vila Fria bridge.  
The experimental mean values and coefficient of variation of the physical and mechanical parameters of stone 
samples taken from Vila Fria and Lagoncinha bridges are summarized in Table 1. A reasonable agreement has been 
observed between the ranges of values obtained for both bridges, which is justifiable because the material used in all 
tests is granite stone, although with different qualities. The values range of the Young moduli evaluated from triaxial 
and oedometric tests are also included in Table 1 for the infill granular material of the Vila Fria and Zameiro bridges, 
respectively. The evolutions of deviatoric stress vs. axial deformation, volume variation vs. axial deformation and the 
Mohr-Coulomb failure envelope obtained in triaxial test are shown in Fig. 2. 
Table 1. Physical and mechanical parameters of the bridges’ materials. 
 Stone blocks Infill granular material 
 Vila Fria bridge Lagoncinha bridge Vila Fria bridge Zameiro bridge 
Compressive strength (MPa) 66.9 (9%) 51.0 (26%) - - 
Tensile strength (MPa) 3.7 (15%) 5.4 (34%) - - 
Young modulus (GPa) 22.4 (27%) 39.2 (46%) 30.2 6.25 - 23.73 
Unit weight (kN/m3) 24.1 (1%) 26.4 (1%) - - 
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Fig. 2. Triaxial tests on infill samples: (a) Deviatoric stress vs. axial deformation, (b) volume variation vs. axial deformation and  
(c) Mohr-Coulomb failure envelope. 
The elastic parameters of stone-to-stone dry joints and stone-to-infill joints obtained from normal and shear tests 
on joint samples reconstructed in laboratory with materials used in Vila Fria bridge are included in Table 2 in terms 
of the normal and shear stiffness. The corresponding curves of shear stress vs. horizontal displacement and the 
Mohr-Coulomb failure envelope are shown in Fig. 3. Additional details can be found elsewhere [8]. 
Table 2. Normal and shear stiffness of the joints samples. 
 Normal stiffness (MPa/mm) Shear stiffness (MPa/mm) 
Stone-to-stone dry joints 1.33-1.98 0.05-0.97 
Stone-to-infill joints 0.10-0.53 0.09-0.40 
 
 
Fig. 3. Shear tests - shear stress vs. tangential displacement on joint samples: (a) stone-to-stone dry joints and (b) stone-to-infill joints. 
In order to identify the modal characteristics of the bridges, in-situ vibration tests were performed on three of the 
bridge cases. The experimental results allowed updating and validating the numerical structural models by 
comparing the frequencies and vibration modes obtained from the in-situ measurements with the similar modal 
characteristics numerically calculated with 3D FE detailed bridges’ models [9]. The main frequency values and 
modal shapes obtained by ambient vibration tests are summarized in Table 3. 
Table 3. Experimental dynamic characteristics. 
Bridge: São Lázaro Lagoncinha Vila Fria 
Frequencies (Hz) 7.73 3.92 6.00 
Type of mode Transversal Transversal Transversal 
3. São Lázaro brige models 
The simulation of the bridge behaviour under the traffic loading was based on 2D FE and DE models, aiming at 
representing the bridge behaviour in the longitudinal direction considering the arch zone under the backfill (central 
zone, along the bridge longitudinal axis). Structural numerical models, including the contribution of the backfill, 
were adopted resorting to the computer codes CAST3M [10] (FEM based) and UDEC [11] (DEM based). Simplified 
modelling strategies based on rigid blocks analysis are also used for comparative purposes resorting to computer 
code RING [12]. 
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3.1. Detailed FE and DE models 
In the adopted FE model the masonry bridge components (arches and pavement) are represented by FE 
micro-modelling strategies using solid elements to define the individualized blocks and zero thickness joint elements 
at their interfaces (stone-to-stone joint type). The backfill is also modelled with solid elements connected to zero 
thickness joint elements in the interfaces between the infill and blocks of the arches and pavement, with different 
characteristics for the infill-to-stone joint type (see Fig. 4). The FE geometry is recomputed at each step of the FEM 
calculations taking into account the bridge response with large displacements and strains. The boundary conditions 
are set using rigid supports to fix the displacements at the bridge base in contact with the riverbed. The horizontal 
displacements of the infill elements are blocked in the vertical boundary at the abutments. 
 
 
Fig. 4. FE model of São Lázaro bridge. 
The stone blocks are considered with linear elastic behaviour characterized by the elastic modulus (E) and 
Poisson's ratio (ν) and its specific weight (γ) listed in Table 4. Table 4 also includes the values of normal (kn) and 
shear (ks) stiffness of the joint elements, as well as the material parameters of the infill material. These values have 
been defined based on results obtained from laboratory tests and modal identification presented in section 2. Material 
parameters used in other previous studies of structural analysis of old stone masonry structures [1], [13] and [14] 
were also considered to adjust the elastic properties assigned to the bridge model. 
Table 4. Elastic parameters of the stone blocks, infill material and joints. 
Material γ (kN/m3) E (MPa) Ν Material kn (MPa/mm) ks (MPa/mm) 
Stone blocks 26 15500 0.2 Stone-to-stone joints 6.24 0.56 
Infill 21.5 30.2 0.20 Stone-to-infill joints 0.53 0.28 
 
In order to account for the nonlinear constitutive relationship of joint elements, which is controlled by the normal 
and shear contact stresses and the corresponding normal and shear displacements (opening/closure and slip between 
blocks), it was assumed a nonlinear Mohr-Coulomb friction model without dilatancy, JOINT_SOFT_CY_T [1], 
implemented in the computer code CAST3M [10].  
The values adopted for the constitutive parameters were obtained from compression and shear tests for this type 
of joints [1], [14]. In the shear direction an elastic-plastic behaviour was considered with the elastic phase defined by 
the shear stiffness, ks, indicated in the Table 4 and the shear strength determined according to the Mohr-Coulomb 
failure surface, which is defined by the friction angle (35.8º for stone-to-stone joints and 33.2º for infill-to-stone 
joints) and considering zero cohesion for both joint cases. In the normal direction the loading curves concerning the 
behaviour of the two joint types are defined according to a constant normal stiffness with the values of kn included in 
Table 4 and assuming zero tensile strength. 
The infill material was simulated using the Drucker-Prager model considering an elastic-plastic behaviour with 
41.2º friction angle, 13.1 kPa for cohesion and 6º dilatancy angle. Concerning the definition of the infill material 
parameters, it consists of a granular material similar to the that one used in Vila Fria bridge with the experimental 
parameters presented in section 2. Taking into account the values’ range of the elastic moduli obtained from the 
oedometric test in the sample extracted from the Zameiro bridge (see Table 1) it is noted that the value of the elastic 
modulus used is still larger than the values obtained in that test. 
In the DE model the masonry stone blocks as well as the infill material are defined using discrete deformable 
blocks, internally discretized into finite triangular elements, with the joints simulated as contacts between the 
discrete blocks (see Fig. 5). The contacts’ updating throughout the DE analysis and the activation of large strain 
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calculations allow computing the bridge response at each structural analysis step considering the updated geometry 
of the DE bridge model. In the DE model, the velocity directions are set to zero considering the fixed displacement 
directions of the boundary conditions defined in the FE model. 
 
 
Fig. 5. DE model of São Lázaro bridge. 
The material behaviour of the DE model are also set in view of agreement with the FE constitutive modelling, 
assuming the material parameters included in Table 4 and constitutive models to control the nonlinear evolution 
similarly to those presented in section 3.1. Thus, the contact elements are controlled by a nonlinear Mohr-Coulomb 
friction model without dilatancy, named COULOMB SLIP AREA CONTACT, and the Drucker-Prager model is 
used to represent the infill material behaviour, both constitutive models available in the computer code UDEC [11]. 
3.2. Rigid blocks simplified model 
The rigid block analysis was performed considering identical characteristics for the geometry, materials and 
loading as for those used in the detailed FE and DE models. The material parameters have also been defined in view 
of allowing the comparison of results of the rigid block model with those obtained from the FE and DE models. 
Table 5 shows the material parameters assigned for the stone blocks, infill material and stone-to-stone and stone-to-
infill joints, in terms of unit weight (γ), friction angle (ϕ) and cohesion (c). 
Regarding the infill material a sensibility analyses was performed to set the RING factors k and kc assigned to 
represent the passive zones, ranging from the values representing the lateral earth pressure at rest to the values 
representing the passive lateral earth pressure obtained from the Rankine theory, where factor k represents the non-
cohesive contribution of the earth pressure and kc the cohesive contribution obtained from kc=2ξ݇. 
Table 5. Material parameters of the stone blocks, joints and infill material. 
Material γ (kN/m3) ϕ (º) c (kPa) Material ϕ (º) 
Stone blocks 26 - - Stone-to-stone joints 0.72 
Infill 21.5 41.2 13.1 Stone-to-infill joints 0.53 
3.3. Load cases 
The numerical simulation of the São Lázaro bridge has been performed considering the action of the dead load 
and incremental static loading simulating the vehicle defined in the Portuguese standard RSA [15], therefore using 
six load points with 50 kN each, representing three vertical axels spaced at 1.5 m. 
The vehicle load position was defined from the most unfavourable position for the principal arch identified in a 
previous work from the analysis of the bridge under moving loads [16]. The static response of the bridge was 
therefore evaluated with the numerical models presented previously considering incremental levels of intensity of 
the vehicle load placed on the pavement near the ¼ span of the principal arch. The loading histories defined in both 
FE and DE models include an initial phase of equilibrium of the dead load which was applied incrementally. After 
the first phase, the vehicle loading was applied considering incremental levels of intensity until failure of the 
principal arch by a hinge mechanism, thus allowing assessing the load-carrying capacity of the bridge models. 
Additionally, the effect of transversal distribution of the vehicle loading was evaluated by means of correlation 
analysis between the results of the 2D FE model and the results obtained with a detailed 3D FE model under the 
dead load and the traffic loading, presented elsewhere [1]. A good correlation was found when an equivalent width 
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of 4.5 m is considered for the 2D FE model. Thus, taking into account the distribution of the vehicle loading through 
the transversal components of the bridge, an intensity load level of 0.22 P is equivalent to the RSA standard vehicle 
loading applied in the 2D model with unitary width. 
4. Results and discussion 
The structural response based on FEM is shown in Fig. 6 in terms of the minimum principal stresses (mainly 
compressive) in the deformed configuration of the FE model for the load level of the bridge weight and the vehicle 
with intensity of 4.6P, where P represents the nominal vehicle load and 4.6P is the maximum force applied to the 
bridge model. Looking at the results obtained with the FE model, the identification of nodes in which no contact 
occurs allows recognizing the (potential) location of the hinges corresponding to a mechanism. For this intensity 
level (see Fig. 6) it is possible to identify the formation of a four hinge mechanism. The joints where the hinges 
occur are identified in Fig. 6 with the letters A, B, C and D. 
 
 
Fig. 6. FE model - Minimum principal stresses (MPa) and deformed configurations of the bridge under dead load and vehicle loading 
 with the intensity level of 4.6P. 
Fig. 7 shows the distributions of the maximum principal stresses on the deformed configuration of the DE model 
for 5.1P intensity level which corresponds to the maximum vehicle load applicable on the DE model satisfying the 
equilibrium conditions. The identification of the hinges developed in the arch is also included in Fig. 7 with letters 
A, B, C and D. Similarly to the FE model, also in the DE model it is noted that the hinge A is not totally formed 
when the maximum load is applied (Fig. 7, a). Nevertheless, the analysis since DEM allows computing the bridge 
response beyond the maximum admissible load, Fig. 7, b shows the DE model response after having reached the 
peak load (obtained by proceeding with the DE analysis for an additional loading increment of 0.15P for which the 
equilibrium is not reached) and where the hinge A is also formed. 
 
 
Fig. 7. DE model - Minimum principal stresses (MPa) on the bridge deformed configurations for dead and vehicle loading with intensity level of 
(a) 5.1P and (b) after the maximum intensity. 
The analyses made with rigid block bridge model allowed identifying the maximum vehicle load corresponding 
to bridge failure by an arch mechanism as shown in Fig. 8. Regarding the sensitivity analysis to the pressure 
coefficients k and kc assigned to the infill passive zones, the results of this model, correspond to the bridge response 
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with k and kc factors of 1.52 and 2.47 respectively, allowing the same maximum force of 4.6P applied on the FE 
modelling. 
 
 
Fig. 8. Rigid block model - Deformed configurations of the bridge under dead loads and vehicle loading with intensity level of 4.6P. 
The evolution of the response parameters of FE and DE models through the loading history can be evaluated from 
the results included in Table 6 and Table 7, in terms of the vertical displacement and maximum normal joint 
displacement registered in the arch block at the right side and at the joint of hinge B, respectively (see hinge B in 
Fig. 6 and Fig. 7), and the minimum principal stress on the arch blocks of the principal arch. The evolution of the 
formation of the hinges is also included in both tables. The results shown in Table 6 summarize the bridge response 
of FE and DE models for the dead load and for 0.0P and 1.0P intensity levels of the vehicle loading. Table 7 includes 
the bridge response parameters when the maximum intensity level was reached in the calculations. 
Table 6. Response parameters of the FE and DE models under the dead load and the vehicle loading with the intensity level of 1P. 
Model Intensity level of P vd (mm) máxnG (mm) 2V (MPa) Hinges  
FEM 0.0P 1.65 - 0.00 - -0.53 - - 
 1.0P 9.66 - 0.82 - -2.39 - - 
DEM 0.0P 1.67 (+6%) 0.00 (0%) -0.62 (+17%) - 
 1.0P 10.00 (+4%) 0.81 (-1%) -1.98 (-17%) - 
 
Comparing the results simulated with the FE and DE models for the load cases corresponding to the dead load 
and vehicle loading with intensity level of 1.0P shown in Table 6 good agreement is noted between both modelling 
strategies with relative differences generally lower than 17%. In both models no hinges were formed in the arch for 
such loading levels. Comparisons were also made between results in Table 6 and calculations based on FEM in the 
domain of small deformations and small displacements, with good correlations obtained between them, because the 
bridge response for these loading levels exhibit small deformation values. 
Table 7. Response parameters of the bridge under the dead load and the maximum vehicle force applied on the calculations. 
Model Intensity level of P vd (mm) máxnG (mm) 2V (MPa) Hinges  
FEM 4.6 P - 105.08 - 48.14 - -14.87 - B, C, D 
DEM 5.10 P (+13%) 102.65 (-2%) 26.56 (-45%) -16.14  (-9%) B, C, D 
RB 4.5 P (0%) 248.03 (+135%) - - - - A, B, C, D 
 
Regarding the behaviour of the bridge models under the maximum loading, a reasonable agreement is found 
between the response parameters obtained in the FE and DE detailed models (see Table 7). The maximum applied 
force in the DE model is higher than in the FE models, but the corresponding percentage difference is lower than 
13%. The failure modes show the hinges located at the same joints of the principal arch (see Fig. 6 and Fig. 7) and 
good agreement between the vertical displacement at the arch under the loading zone, although the maximum joint 
opening and the minimum principal stresses show percentage differences close to 45% and 9%, respectively. 
The results of the rigid block analysis also show good agreement with the detailed models in terms of the hinges 
configuration of the failure mode. It is noted that the vehicle loading intensity level is achieved when the passive 
zones of the infill material are simulated considering a set of k and kc factors with the corresponding values between 
the factors of the earth pressure at rest and the passive earth pressure. 
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Additionally, it should be noted that the vehicle loading distribution through the transversal components of the 
bridge is not included in 2D analysis; therefore, considering an equivalent width of 4.5 m (see section 3.3) it is clear 
that the bridge exhibits a very high load capacity. 
5. Conclusions 
The previous sections provided a general overview about the application of numerical strategies for the 
assessment of the load-carrying capacity of stone masonry arch bridges. For this purpose resort was made to detailed 
numerical models of a bridge case based on FEM and DEM and rigid block analysis by considering identical model 
parameters for the incremental static loading, geometry and boundary conditions as well as material parameters 
experimentally calibrated. 
The adopted modelling strategies provided means for comparing the numerical responses of the bridge under its 
weight and incremental vertical forces to represent the static loading of a standard vehicle. This procedure allowed to 
simulate the formation of a hinge mechanism in the principal arch of the bridge and to identify the corresponding 
vehicle vertical loading associated with the load-carrying capacity of the bridge models. Good correlation was found 
between the numerical response of the bridge models regarding the maximum load and corresponding hinge 
mechanism. 
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